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Abstract This study investigates the influence of plasma treatment frequency (1-150 kHz) on the
atmospheric plasma activation of both silicone and polyethylene terephthalate (PET) particles. The polymer
particles with diameters in the range 3 to 5 mm, were treated using either helium or helium/oxygen gas
mixtures, in a barrel atmospheric plasma system. The level of polymer particles activation was monitored
using water contact angle measurements. The effect of plasma treatment frequency on barrel heating was
monitored using an infrared thermographic camera, the maximum barrel temperature after 15 min treatment
was found to be 98 °C at a frequency of 130 kHz. X-ray photoelectron spectroscopy (XPS) analysis is used
to monitor the effect of the plasma treatment on both PET and silicone polymer particles.Optical emission
spectroscopy (OES) was used as a diagnostic tool to monitor changes in atomic and molecular species
spectral intensity with experimental conditions, as well as a change in electron energy distribution function
(EEDF). Emission lines of atomic hydrogen, helium and oxygen and molecular bands of OH, N2 and N2+
were monitored. Electrical characterisation studies demonstrated an increase in plasma power with
increasing frequency, in the range investigated. For silicone particles, the minimum polymer water contact
angle was obtained by using a frequency of 130 kHz. After 15 minutes treatment time, the water contact
angle decreased from 141° to 11°. While for PET particles the water contact angle decreased from 94° to
32° after two minutes treatment using a frequency of 70 kHz. This lower frequency was used due to the
partial melting of the PET (Tg of 80 ºC) when treated at higher frequencies.

Keywords: Atmospheric plasma, Surface activation, Frequency, Optical emission spectroscopy, Silicone
polymer, polyethylene terephthalate
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Introduction
Plasma treatments are widely used to enhance the surface energy of polymers, particularly by the
incorporation of polar groups [1, 2]. Polymers are however often processed as powders, for examples with
applications in the textile industry, for hot-melt adhesives, filling for composite materials, 3D printing, and
biotechnology [3]. Amongst the plasma reactor designs for the treatment of polymer particles are fluidized
bed reactors, downer reactors and batch reactors [4–6]. Of these the most widely reported has been the
fluidized bed system, it however has a difficulty in controlling the agitation of fluidized particles where
there is a significant weight variation between the particles being treated [7]. An alternative is the use of a
barrel reactor in which the particles are rotated and thus continually fall through the plasma zone [8]. The
plasma treatments are generally carried out using noble gases, e.g. He or Ar, with the addition of oxidizing
gases e.g. air, CO2 or O2 [9]. As with the treatment of polymer sheet material it is important to prevent
thermal damage to the polymer particles during plasma activation. The level of polymer activation
generally increases with the applied power to the plasma, however this increase in power is also associated
with an increase in temperature [10].
Several studies have reported on the use of plasmas for the activation of polymer powders. Most of these
studies focused on the development of the plasma reactors used for the treatment [11, 12], or on the effect
of plasma parameters on the powder treatment such as treatment time and processing gas [13]. To the
authors knowledge however, no study investigated the effect of plasma treatment frequency on the level of
activation of the polymer particles. This type of investigation has however been carried out previously in
the use of atmospheric plasma jets for killing bacteria [14]. It was established discharge frequency did
indeed influence coupling efficiency and thus bacterial killing efficiency.
In this study the effect of systematically altering the plasma treatment frequency on polymer particle
(silicone and polyethylene terephthalate (PET)) activation is investigated. In addition, the effect of
frequency on discharge emission spectra, current and voltage as well as the heat generated in the treatment
chamber were also studied.
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Experimental
The barrel reactor [15] was designed and constructed as shown in Fig. 1. It consists of a quartz chamber
with dimensions of 15 cm in length and 10 cm inner diameter. The chamber was sealed with two removable
Teflon plugs, which were inserted 2.5 cm into the chamber, thus the effective treatment length was 10 cm.
The plasma operated using a high voltage power generator (G2000 Redline technologies), with a frequency
from 0 up to 500 kHz and input voltage of up to 300 V. Helium and helium/oxygen gas mixtures were used
as processing gases. Their flow rates were 10 slm for helium and in the range of 0.01 to 0.03 slm for
oxygen, these were controlled using rotameters (Bronkhorst). The plasma chamber was purged using
helium gas at a flow rate of 10 slm, for two minutes before the plasma was ignited in order to remove the
residual air. In this design, the plasma was generated between two aluminium rods, which are also used to
rotate the chamber. These rods act as the biased and earthed electrodes. The powder charge of 20 g was
agitated by rotation of the glass chamber, with a speed of approximately 7 rotations per minute.

Fig. 1. Photograph of the barrel reactor (left) and schematic diagram of the plasma barrel showing a roller
arrangement in direct contact with the barrel (right).

A number of different techniques were used to monitor the barrel reactor. The applied voltage was
measured using a North Star PVM-5 high voltage probe with a ratio of (1 V per kV), which was directly
connected to the electrodes of the plasma barrel. The current measurements were obtained with a Bergoz
Instrumentation France, toroidal current transformer (CT-E5.0) with an output of 5 V per Ampere. The
current and voltage waveforms were monitored using a 4 channel digitizer (300 MHz bandwidth)
Oscilloscope (Techtronix). Optical emission spectra of the plasma were obtained using an Ocean Optics
USB4000 UV/VIS spectrometer with sensitivity in the 200 – 850 nm region, and with a resolution of
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approx. 1.2 nm. Light from the plasma passes through a focusing lens and a 2 m-long 400μm multi-mode
fibre optic cable were mounted directly under the most intense plasma region (between the two barrel
electrodes). This optical emission spectroscopy (OES) technique is based on the integration of measured
signals over a line-of-sight observation. Experiments were carried out to investigate species spectral
intensities with varying frequencies voltage, and processing time. The latter time sequence of the recorded
spectrum, was every 10 seconds for a duration of one minute using an integration time of 2 seconds.
The temperature of the quartz wall of the plasma chamber was measured using a VarioCam high resolution
infrared thermographic camera, with resolution of 640 × 480 pixels. Thermal measurements were obtained
of the barrel wall after 15 minutes of plasma generation under different plasma operating frequencies.
The atmospheric plasma treatment of the silicone polymer and PET was investigated. The cylindrical
silicone polymer particles had typical dimensions of 5.0 mm diameter and 0.5 mm thick were
manufacturing from its precursors as described previously [16]. The PET was manufactured as a sheet
material by Holfeld Plastics, Ireland and was cut into particulate samples with dimensions of approximately
3 × 4 × 0.35 mm. A Dataphysics Instruments OCA 20 Video Based Contact Angle Device, which utilises
the sessile drop technique, was used to obtain water contact angles at room temperature. 0.5 μl drops were
allowed to sit on the surface for 5 s (approx.) before water contact angles were measured. This was carried
out both immediately after plasma treatment and at varying times after treatment, in order to determine the
rate of hydrophobic recovery. Measurements were taken from at least 25 particles selected randomly (one
measurement per particle) for each batch. Polymer surface chemistry changes were monitored using X-ray
photon electron spectroscopy (XPS) analysis (Kratos Analytical Axis Ultra system) set-up with a
monochromated Al Kα X-ray source. The C 1s, O 1s peaks (for PET) and C 1s, O 1s and Si 2p peaks (for
silicone) were recorded along with 50–1000 eV survey scans. The measurements were obtained within 2
hrs of plasma activation of the polymers. The intensities of the peaks were determined as the integrated
peak areas assuming the background to be linear. The thermal properties of the PET and silicone were
determined using a differential thermal analysis system NETZSCH DSC 200F3 240-20-0863-L. At a
heating rate of 10°C/min. The glass transition temperature (Tg) for the two polymers was 80 and 440°C
respectively.
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Results and Discussion
This discussion is divided into two sections, firstly the effect of the barrel plasma’s treatment frequency on
both the current and voltage, the intensity of the discharge species (by OES), as well as the temperature
generated in the barrel are detailed. The effect of altering the treatment frequency on the level of polymer
particle activation is then discussed.
Electrical characterisation - The impact of operating frequency on the plasma power generated was
investigated. In this study the root means square (RMS) of the voltage (V rms) and current (Irms) waveforms
were obtained over a time period of approximately 0.1 ms. This procedure yields an estimation of the
average AC power (P) , namely (P = IV) of the non-sinusoidal waveforms according to Eq. 1[17].
Paverage (W) = Vrms (Volt) x Irms (Ampere)

(1)

In this set of experiments, at each experiment the supply frequency was kept constant during the plasma
process and helium gas flow rate was fixed as 10 slm and operating voltage was fixed on 240 V. As shown
in Fig. 2, it was found that the power generally increased with increasing frequency and the maximum
output power obtained is 227 W at 130 kHz. A probable explanation for this is that as the frequency
increases, the discharge current increased and thus the plasma density [18]. The increase of power causes
an increase of the discharge size rather than of the electron density where the plasma was sustained by bulk
volumetric ionization [19].

Fig. 2. Effect of frequency on the barrel plasma power. (He flow rate 10 slm and operating voltage 240 V)
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The effect of oxygen flow rate on the helium plasma power was also investigated. As shown in Fig. 3 at a
fixed frequency of 130 kHz, it was found that the power decreased with increasing oxygen flow rate due to
partial discharge quenching (oxygen is an electronegative gas) [20].

Fig. 3. Effect of oxygen flow rate on the barrel plasma power. (Helium flow rate 10 slm, operating voltage
240 V and frequency 130 kHz)

Optical emission spectroscopy and thermal measurements - Optical emission spectra were obtained of
both the He and He/O2 plasmas in the spectral range from 250 to 850 nm in terms of identifying the
reactive plasma species. The OES lens was centrally placed underneath the chamber between the high
voltage and ground electrodes. The typical emission spectra of the helium plasma operating at 240 volts
and 130 kHz are shown in Fig. 4. In the UV emission band, OH radicals OH [A2Σ+ − X2Π] around 307 nm
are found [21]. The emission of the second positive system of molecular nitrogen N2 [C3Π+u − B3Π+g] with
band heads, ν = 0 → 0, 1 are located at the wavelengths, λ= 337 and 358 nm are recorded. At λ=391 nm the
ν = 0→ 0 band of the first negative system of molecular nitrogen ions N2 + [B2Σ+u − X2Σ+g] is observed
[22]. Atomic hydrogen Hα transition (2p-3d) is recorded at λ= 656 nm [23]. For the pure helium discharge,
the observation of emissions from OH, N2 and N+2 is induced mainly by the air impurities diffused into the
helium gas stream from open air [24]. The intensity of helium was monitored over four prominent atomic
helium spectral lines. There are two spectral lines from the helium triplet spectra: He587 (2p3Pº1,2 –
3d3D1,2,3) at 587 nm and He706 [2p3Pº1,2 − 3s3S1] at 706 nm. There are also two spectral lines from the
helium singlet spectra: He667 (2p1Pº1 –3d1D2) at 667 nm and He728 (2p1Pº1 – 3s1S0) at 728 nm [25].
Helium’s high metastable energy levels, which act as a “reservoir of energy”, make it ideal for use for
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plasma processing [26]. The atomic oxygen triplet spectra O777 (3s5Sº2 – 3p5P1,2,3) and O844 (3s3Sº1 –
3p3P1,2,3) are also recorded near infrared region at λ= 777 and 844 nm respectively [27]. Oxygen could
come from the ambient air, the He-O2 gas mixture or from H2O dissociation [25].

Fig. 4. Optical emission spectrum obtained from a He discharge formed in the barrel reactor

The effect of the treatment frequency and applied voltage on the resulting plasma species line intensity was
investigated. To provide an indication of the relative importance of specific species to plasma processing
conditions, the spectral intensity of a number of the OES peaks were integrated. Six wavelengths were
selected for this investigation; 307 nm (OH307), 337 nm (N2337), 391 nm (N2+391), 706 nm (He706), 777
nm (O777) and 656 nm (H656). The maximum intensity obtained by using frequency of 130 kHz and
operating voltage of 340 V. It has been hard to find comparative study results for various driving frequency
ranges. Most of the studies have inclined towards the application itself, paying less attention to the
fundamental plasma characteristics [28]. Addition of small amount of oxygen to the helium plasma results
in an increase in the intensity of singlet oxygen lines at 777 nm and 844 nm, while the intensity of the other
emission lines has decreased. Oxygen is an electronegative gas, hence, addition of oxygen to the plasma
produces O- and O2- ions by electron attachment mechanisms, which results in a decrease of electron
density and consequently decrease in the intensity of the other lines at a constant power [23]. Figure 5
shows the effect of frequency and oxygen flow rate on the plasma species.
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Fig. 5. Effect of frequency (left) and oxygen flow rate (right) on the plasma species intensities obtained by
OES.

Excited species of N2(337) can be partly generated by energy transfer from helium metastable, in addition
to the electron excitation [29, 30]. The ratio of second positive system N2(337) and that of an ionized
molecule N2+(391) (first negative system), are used to determine the plasma field strength and electron
energy distribution function (EEDF) [31]. One of the main source to create the N+2(391) spectral emission
by direct electron excitation from the ground level which is not the only route and is sensitive to the highenergy electron portion of the EEDF; on the other side, production of the N2(337) line is sensitive to lowenergy electrons. The relative populations of the two vibronic levels, measured by emission spectroscopy,
are related to the EEDF, in particular to the EEDF at energies above 11.03 eV, the threshold for the
process. A change in the ratio between N2(337) and N+2(391) spectral emissions indicates the change in the
EEDF [32]. Namely, the shift in the nitrogen emissions from N2(337) to N+2(391), this presumably occurs
because of changes in the electron energy distribution. In particular, dissociative recombination with
molecular ions rapidly removes low-energy electrons, such that the low-energy portion of the electron
energy distribution is depressed when nitrogen is mixed with other molecules. Figure 6 shows the effect of
frequency on the intensity ratio of N2(337) and N2+(391). It indicates that altering the frequency used to
generate the discharge leads to a change in the EEDF.
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Fig. 6. Effect of frequency on the intensity ratio of N2(337) and N2+(391)

In order to obtain information on the temperature generated by the discharge at different frequencies, the
temperature of the glass chamber was recorded 15 min after the plasma was ignited. As shown in Fig. 7 the
temperature increased with increasing frequency. The maximum temperature obtained was 98 °C at a
frequency of 130 kHz and 240 V operating voltage.

Fig. 7. Effect of plasma generating frequency on the barrel temperature

The effect of altering frequency on barrel temperature is clearly demonstrated in the thermographic images
shown in Fig. 8. These show how the temperature obtained at the middle of the barrel is greater than that
observed at the ends. The lower frequency discharge also appears to be more homogeneous based on these
thermal images.
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Fig. 8. Thermographic images of the barrel with plasma operating at a frequency of 70 kHz (left) and 130
kHz (right)

Plasma treatment of polymer particles - A study was undertaken to evaluate the effect of processing
conditions on polymer particle activation. Table 1 displays the plasma treatment conditions used in
determining the optimum treatment conditions for the both silicone and PET particles. The helium flow rate
and input voltage were maintained at 10 slm and 240 V respectively for all treatments.

Table 1 Process parameters investigate for plasma treatment of silicone polymer and PET particles
Frequency (kHz)

Treatment time (min)

O2 flow rate (slm)

Silicone

30, 50, 70, 90, 110, 130 and 150

2, 5, 10 and 15

0.01, 0.02 and 0.03

PET

20, 30, 40, 50, 60, 70 and 80

2, 5, 10 and 15

0.01

For silicone particles, the effect of frequency and addition of oxygen to the helium discharge (10 slm) on
the water contact angle of the polymer particles were investigated. As shown in Fig. 9 it was found that a
small decrease in water contact angle was obtained by using a He only discharge after 2 minutes treatment
time. The frequency was not found to have a significant effect on treated polymer particle water contact
angle. In contrast the addition of oxygen into the helium plasma resulted in a decrease in water contact
angle. The minimum water contact angle for silicone of 57° was obtained by using plasma frequency of
130 kHz and 0.02 oxygen flow rate. Comparing the 0.02 and 0.03 slm O 2 treatments, it is clear that there is
increased plasma quenching with higher levels of oxygen addition, making the discharge significantly less
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effective at polymer activation due to the quenching effect of OH, Hα and He metastables associated with
the adding of oxygen into a helium plasma, as outlined earlier. The quenching effect has been reported
previously by a number of authors [20, 33, 34].

Fig. 9. Effect of plasma frequency and oxygen flow rate on the water contact angle of the silicone polymer
particles. The 0.02 slm level of oxygen addition exhibits the highest level of activation. (He flow rate 10
slm and treatment time 2 minutes).

The effect of treatment time on water contact angle of silicone particles was also investigated. As shown in
Fig. 10, it was found that the water contact angle decreased with increasing treatment time and after 15
minutes the decrease obtained was from 141º to 11º. Optical microscopy examination of the treated
particles indicated that no visual thermal damage was apparent as a result of the plasma treatments (Tg of
silicone 440 °C).
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Fig. 10. Effect of plasma treatment time on the water contact angle of silicone polymers. (Frequency 130
kHz, He flow rate 10 slm and O2 flow rate 0.02 slm). The photograph and SEM image (right) demonstrate
the high surface roughness of the silicone particles

Figure 11 shows the effect of increasing the quantity (weight) of silicone particles on the water contact
angle obtained after plasma activation. It was found that after 5 minutes treatment time, with increasing the
particles weight from 20 to 30 g, there is a significant decrease in the activation effectiveness of the barrel
plasma. Instead of a water contact angle reduction from 141° to 50°, only 89° was obtained using the 30 g
load. Thus not unexpectedly as the larger quantity of particles due to their higher surface area require a
longer plasma treatment time to yield the same contact angle.

Fig. 11. Effect of increasing the weight of silicone particles on the water contact angle.

The effect of treatment frequency on the water contact angle of PET particles was also investigated. This
was limited to the investigation of frequencies in the range 0 to 70 kHz due to thermal damage to the
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polymer particles with treatments at higher frequencies (Tg of PET = 80 ºC). As shown in Fig. 12, the
optimum treatment frequency is in the range 40 to 70 kHz. There is no significant effect on water contact
angle of PET particles with increasing treatment time above 2 minutes, or with the addition of 0.01 slm
oxygen to the helium discharge. This is in contrast to the longer treatment times yielding improved
wettability in the case of the silicone particles. The latter particles have a much rougher and porous
morphology compared with that of the PET. This is likely to significantly increase their surface area, (as
shown in Fig. 10) for this reason a longer treatment time is required for the silicone particles compared with
that used for the activation of the PET particles.

Fig. 12. Effect of plasma treatment frequency (left) and treatment time (right) on the water contact angle of
the treated PET particles.

The hydrophobic recovery of the treated silicone and PET polymer particles was investigated. Polymer
particles were stored in plastic vials and wrapped in aluminium foil after plasma treatment to minimise
hydrocarbon contamination [35]. For silicone particles, the hydrophobic recovery was examined after time
periods of 2, 4, and 6 hrs and 1 and 5 days. Fig. 13 shows the water contact angles for the silicone particles
treated at different time as a function of aging time. The rate the hydrophobic recovery can be controlled by
the plasma treatment time. However, ageing resulted in almost complete recovery which the water contact
angle increased from 11° to 69° after 6 hours of aging and after one day the water contact angle increased
to 87°.
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Fig. 13. Contact angle versus time for silicone particles modified with different activation time

For BET particles, the hydrophobic recovery was investigated up to 15-day period. Fig. 14 shows the WCA
of PET particles activated at plasma frequency of 60 and 70 kHz. There is no significant effect of
frequencies on the hydrophobic recovery. The rate of hydrophobic recovery is more rapid for the first 5
days. It was found that the WCA increased from 32° to 37° and from 34° to 40° after 24 hours for both
particles treated at 70 and 60 kHz respectively. After 10 days the water contact angle increased to 53° and
54° respectively. The rate of hydrophobic recovery is similar to that reported previously for PET treated
with He plasmas [36]. The possible reasons for the hydrophobic recovery of polymer particles can be
summarized as the reorientation of polar groups at the surface layer, the diffusion of unpolar groups from
the sub-surface to the surface, and the reactions of free radicals at the surface [37].

Fig. 144. Contact angle versus time for PET particles modified with 60 and 70 kHz frequency

Xray photo spectroscopy (XPS) analysis – The surface chemistry changes associated with the plasma
treatments of silicone and PET polymer particles was monitored by XPS. Table 2 shows the compositions
of the Silicone and PET polymers before and after plasma treatment. The C:O ratios for silicone and PET
polymers before plasma treatment are 2.4 and 4.75 respectively. After plasma treatment the ratios were
found to be decreased to 0.8 and 2.74 respectively. These results are consistent with the results reported
previously by the author [15] and indicate that the surface activation is largely due to the incorporation of
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oxygen into the polymer surfaces leads to increase the concentration of silica layer on the silicone polymer
[35] and formation of oxygen-containing functionalities, such as C–O, O–C=O onto PET surface [38, 39].

Table 2 Atomic % of species on silicone and PET particles surface before and after plasma treatment
% Si

%C

%O

C:O

Untreated

23.44

54.06

22.50

2.40

Plasma treated

25.71

33.04

41.25

0.80

Untreated

82.63

17.37

4.75

Plasma treated

73.32

26.68

2.74

Silicone

PET

Conclusions
This study investigated the effect of treatment frequency on the performance of a novel barrel plasma
source for the plasma activation polymer particles. The treatments were carried out using both silicone and
PET particles in He and He/O2 discharges. Electrical characterisation indicated that the plasma power
increased with increasing frequency and the maximum output power obtained is 227 W at 130 kHz. OES
analysis demonstrated the increase in atomic species intensities with increased frequency, the maximum
plasma species intensity was obtained by using frequency of 130 kHz. Addition of small amount of oxygen
to the helium plasma results in an increase in the intensity of singlet oxygen lines, while the intensity of the
other emission lines decreased, due to partial discharge quenching. EEDF shows a strong dependence on
the plasma generator frequencies, and a correlation with a spectral emission of the monitored plasma
species. Thermal imaging analysis also demonstrated that the barrel temperature increased with increasing
frequency and the maximum plasma temperature were obtained using a frequency of 130 kHz. The
influence of plasma processing parameters such as frequency and treatment time on the level of surface
activation, based on water contact angle (WCA) measurements was investigated. For silicone particles, the
WCA decreased with increasing treatment time and the maximum reduction in WCA was achieved at 130
kHz, after a 15 minutes plasma treatment by using flow rate 10 slm of He and 0.02 of oxygen. Increasing
the oxygen flow rate making the discharge significantly less effective due to the quenching effect of OH
and Hα which may play a key role in the surface activation of polymers in helium plasma discharges. For
PET, the WCA was reduced from 93° to 32° after 2 minutes treatment time. Increasing the frequency more
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than 70 kHz leads to thermal damage of the PET particles. This study concluded that treatment frequency,
processing time and polymer particle type are critical parameters in deciding on the plasma activation
conditions to be used with the barrel plasma system.
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